Clear cell renal cell carcinoma (ccRCC) is the most common type of renal cancer. In the present study, bioinformatics tools were systematically used to investigate the potential upstream effector involved in the progression of ccRCC. Using the Gene Expression Omnibus database and Library of Integrated Network-based Cellular Signatures L1000 platform, it was identified that GA-binding protein subunit β1 (GABPB1) was a potential effector gene. GABPB1 is a transcription factor subunit and its function in ccRCC is unclear. Elevated expression of GABPB1 mRNA in ccRCC was also observed in other clinical datasets from the Oncomine database. Following reverse transcription-quantitative polymerase chain reaction and western blot analysis, the ccRCC 786-O and A498 cell lines showed higher expression levels of GABPB1 than HK-2, a normal kidney cell line. Knockdown of GABPB1 in the 786-O and A498 cells significantly decreased the ability to form colonies by inducing the expression of p21 Waf/Cip1 . SurvExpress database analysis indicated that a higher expression of GABPB1 was associated with poor survival outcome in patients with renal cancer. These findings imply that GABPB1 serves an important role in the progression of ccRCC.
Introduction
Renal cell carcinoma (RCC) is one of the 10 most common cancer types worldwide and the third most prevalent genitourinary cancer, accounting for ~3% of all human malignancies (1) . RCC is classified into different histopathological entities, with clear cell RCC (ccRCC) being the most common. Localized RCC remains a surgically treated disease, and 20-30% of patients who present with limited disease at the time of nephrectomy develop metastasis. Patients with advanced RCC have a low 5-year survival rate, with the time to relapse following nephrectomy ranging from 15 to 18 months (2) . RCC is resistant to conventional cytotoxic drugs, and despite advances in immunotherapy and targeted therapies, a significant proportion of patients will experience disease recurrence and metastasis (3) (4) (5) . There are currently few tumor biomarkers for RCC (6) , and the identification of such biomarkers is important to allow for the early detection of RCC, to prioritize the asymptomatic individuals and to identify those at high-risk of progression (7, 8) .
Transcription factors serve important roles in health and disease among the proteins regulating the development and maintenance of hematopoietic cells; they are essential for stem cell maintenance, proliferation and sufficient expansion of progenitors, and terminal differentiation of effector cells (9) . The E26 transformation-specific (ETS) family of transcription factors are associated by conserved winged helix-loop-helix DNA-binding domains, and they have been shown to serve diverse roles in the development, differentiation and oncogenesis of cells (10) . Of the >24 mammalian ETS factors identified to date, GA-binding protein (GABP) is the only obligate multimeric complex (11) , and it is composed of two unrelated proteins, GABP subunit α (GABPA) and subunit β1 (GABPB1). GABPA binds to DNA through its ETS domain, and GABPB1 contains the transcription activation domain (12) . GABP has been associated with breast cancer (13) , lung cancer (14) , melanoma (15) and prostate cancer (16) ; however, the association between GABP and RCC is unclear. Therefore, the aim of the present study was to investigate the role of GABPB1 in RCC cell lines.
The study also aimed to identify vital upstream effectors in the tumorigenesis of ccRCC. The study approach was to systematically predict candidates using bioinformatics analysis tools and to validate the results in vitro. Combining the Gene Expression Omnibus (GEO) database and Library of Integrated Network-based Cellular Signatures (LINCS) L1000 platform, it was identified that GABPB1a was a potential effector gene. Reverse transcription-quantitative polymerase chain reaction (RT-qPCR) and western blot analysis were used to detect the expression of GABPB1 in the RCC cell lines, and the function of GABPB1 in ccRCC cell proliferation and survival of clinical renal tumors was investigated.
Materials and methods
Cell culture. A498, an RCC cell line, 786-O, a renal adenocarcinoma cell line, and HK-2, a cell line isolated from proximal tubule epithelial cells derived from normal kidneys and transformed with human papilloma virus 16 E6/E7 genes, were purchased from the American Type Culture Collection (Manassas, VA, USA). A498 and 786-O were grown in minimum essential media (Gibco; Thermo Fisher Scientific, Inc., Waltham, CA, USA) and RPMI-1640 (Lonza Group, Ltd., Basel, Switzerland), respectively. HK-2 was grown in keratinocyte serum-free medium (Gibco-BRL, Grand Island, NY, USA) supplemented with 50 µg bovine pituitary extract and 5 ng recombinant epithelial growth factor per ml of basal medium. All media were supplemented with 10% fetal bovine serum (Gibco; Thermo Fisher Scientific, Inc.), and 10,000 units penicillin/10 µg streptomycin/25 µg amphotericin B per ml (Lonza Group, Ltd.). The cells were incubated at 37˚C and in 5% CO 2 . Trypsin-EDTA (0.05%) (Gibco; Thermo Fisher Scientific, Inc.) was used for subculture.
Lenti-short hairpin (sh)RNA virus transduction. Lentivirus shRNAs were purchased from RNAi Core Facility (Taipei, Taiwan), including Lenti-shLuc976 (clone ID, TRCN0000072249; targeting sequence: 5'-GCGGTTGCCAAGAGGTTCCAT-3') and two different clones of Lenti-shGABPB1 termed Lenti-shGABPB1#1 (clone ID, TRCN0000019134; targeting sequence: 5'-GCAGAACCAAATCAACACAAA-3') and Lenti-shGABPB1#2 (TRCN0000019138; targeting sequence: 5'-CCAGATGGACAACAAGTATTA-3'), respectively. The 786-O and A498 cell lines were incubated with complete media containing 8 µg/ml polybrene (EMD Millipore, Billerica, MA, USA) at 37˚C for 30 min. Lentiviruses (multiplicity of infec-tion=3) were added for infection. After 24 h of incubation, the culture medium was refreshed with minimum essential media (A498) and RPMI-1640 (786-O), with 2 µg/ml puromycin (Sigma-Aldrich; Merck KGaA, Darmstadt, Germany), for 48 h. The infected cells were then subcultured for 1 passage, incubated in medium with 2 µg/ml puromycin, and subsequently used in assays.
RT-qPCR.
Cell lysates were homogenized and harvested with TRIzol reagent (Invitrogen; Thermo Fisher Scientific, Inc.). Total RNAs were extracted using Phenol:Chloroform:Isoamyl alcohol (25:24:1, v/v; Invitrogen; Thermo Fisher Scientific, Inc.) and isopropanol (Sigma-Aldrich; Merck KGaA) according to the manufacturer's protocols. Total RNA concentration was determined according to the optical density (OD) at 260 nm using a PowerWave™ XS Microplate Spectrophotometer (BioTek Instruments, Inc., Winooski, VT, USA). RNAs (500 ng) were reverse transcribed into complementary DNAs using a PrimeScript™ RT reagent kit (Takara Bio, Inc., Otsu, Japan) according to the manufacturer's instructions. qPCR was performed using Fast SYBR ® Green Master mix and a StepOne Real-Time PCR system (both Applied Biosystems; Thermo Fisher Scientific, Inc.). The relative expression level was quantified using the 2 -∆∆Cq method (17) . All experiments were performed independently three times. The primers were as follows: GABPB1 forward, 5'-GGGGTCAGCAAGTCATC ACA-3' and reverse, 5'-GTCCATCTGGCATGGTCACA-3'; p21 Waf/Cip1 forward, 5'-CACCACTGGAGGGTGACTTC-3' and reverse, 5'-CGTGGGAAGGTAGAGCTTGG-3'; and glyceraldehyde 3-phosphate dehydrogenase (GAPDH) forward, 5'-GAGTCAACGGATTTGGTCGT-3' and reverse, 5'-TTGATT TTGGAGGGATCTCG-3' . The following thermocycling conditions were used: 1 cycle of 95˚C for 20 sec, and 40 cycles of 95˚C for 3 sec and 60˚C for 30 sec. GAPDH served as the internal control in this study.
Western blotting assay. Cell lysates were harvested in 1X radioimmunoprecipitation assay lysis buffer (EMD Millipore) with 1X protease inhibitor cocktail (Sigma-Aldrich; Merck KGaA). The clear liquid phase of total protein lysates was obtained by centrifugation at 14,500 x g at 4˚C for 15 min. The protein concentration was determined using a BCA Protein assay kit (Novagen; EMD Millipore) and a PowerWave™ XS Microplate Spectrophotometer (BioTek Instruments, Inc.) according to the manufacturer's protocols. Protein lysates (35 µg) were separated by 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis and transferred onto 0.45-µm polyvinylidene difluoride membranes (Immobilon; EMD Millipore) pre-incubated in 100% methanol. The membranes were then incubated in blocking buffer (5% w/v non-fat dried milk in 1X Tris-buffered saline with 0.2% Tween-20) at room temperature for 1 h. The proteins were probed with diluted primary antibodies against GABPB1 (1:1,000; GTX103464; GeneTex, Inc., Irvine, CA, USA), GAPDH (1:3,000; catalog no. 5174), cyclin A2 (1:1,000; catalog no. 4656), cyclin B1 (1:1,000; catalog no. 4138), cyclin D1 (1:1,000; catalog no. 2978), cyclin-dependent kinase (CDK)2 (1:1,000; catalog no. 2546), CDK4 (1:1,000; catalog no. 2906), CDK6 (1:1,000; catalog no. 3136) and p21 Waf/Cip1 (1:1,000; catalog no. 2946) (all from Cell Signaling Technology, Inc., Danvers, MA, USA) at 4˚C overnight, and then hybridized with the specific secondary antibody , including peroxidase-conjugated goat anti-rabbit IgG (1:3,000; catalog no. AP132P) and peroxidase-conjugated goat anti-mouse IgG (1:3,000; catalog no. AP124P) (both from EMD Millipore) at room temperature for 1.5 h. Subsequent to washing, chemiluminescent horseradish peroxidase substrate (Immobilon Western; EMD Millipore) was added. Signals were activated and detected using a FluorChem Imaging system (ProteinSimple, San Jose, CA, USA) according to the manufacturer's protocols. The intensity of protein signals was quantified using GelPro analyzer software (version 3.0; Media Cybernetics, Inc., Rockville, MD, USA). Each experiment was performed independently at least three times.
Colony formation assay. The 786-O and A498 cell lines were transfected with Lenti-shLuc976, Lenti-shGABPB1#1 and Lenti-shGABPB1#2 and selected using 2 µg/ml puromycin for 48 h. Subsequent to one passage, the cells were seeded onto a 6-well plate at 5x10 2 cells/well and incubated at 37˚C for 9 days. Colonies in each well were stained with 0.4% crystal violet in 100% ethanol at room temperature for 1 h and counted. Each experiment was performed independently at least three times.
GEO database analysis. The GEO database is a webbased database providing meta information, including microarray, chip, RNA-seq and small RNA-seq of nextgeneration sequencing (NGS) data (https://www.ncbi.nlm.nih. gov/geo/) (18) . Microarrays of GSE66271 and GSE66270 datasets on the microarray platform HG-U133_Plus_2 (Affymetrix Human Genome U133 Plus 2.0 Array; Affymetrix; Thermo Fisher Scientific, Inc.) (19) were selected, and the raw data were extracted using the GEO2R online tool (https://www. ncbi.nlm.nih.gov/geo/geo2r/) and re-plotted using GraphPad Prism5 software (GraphPad Software, La Jolla, CA, USA).
Oncomine database analysis. The Oncomine database integrates over 18,000 microarray experiments and 35 major cancer types (20) . The raw data of GABPB1 mRNA expression compared in renal cancer and normal tissue (cancer vs. normal) were extracted from the 'Beroukhim' (21), 'Jones' (22) , and 'Gumz' (23) datasets via the Oncomine database (http://www. oncomine.org) and re-plotted using GraphPad Prism5 software. The plot was illustrated with whiskers at the 10th and 90th percentiles. The criteria in the analysis were a P-value of <0.05, fold-change of >1.2 and a gene rank in the top 20%. P-values and gene differential expressions were calculated using the Oncomine database with two-sided Student's t-tests.
SurvExpress analysis. SurvExpress provides analysis of the effects of gene expression on the survival outcomes of different cancer types, as derived from microarray information from the The Cancer Genome Atlas (TCGA) database (https://tcgadata.nci.nih.gov). Survival curves comparing two populations at high and low risk of renal cancer were plotted using the SurvExpress online database (http://bioinformatica.mty.itesm. mx/SurvExpress). The samples of each dataset were split into two risk groups with the same size, for which each group was determined according to the ordered prognostic index (PI; high value denoting a high risk) (24) . The raw data were extracted and re-plotted using GraphPad Prism5 software. The PI is the linear component of a Cox model, calculated as the gene expression value multiplied by values estimated from the Cox fitting (25) .
LINCS L1000 platform. L1000 uses the ConnectivityMap database to provide gene expression signatures of 9 different cell lines treated with 16,425 perturbations of chemical molecules and drugs, of which 5,806 perturbations are knocked down and overexpressed single genes (26) . Through querying the gene list of upregulated and downregulated genes, the results provided a perturbation list in which each perturbation caused a similar gene signature in cells with ranking scores.
Statistical analysis. The raw data was extracted and re-plotted by GraphPad Prism5 software (GraphPad Software). Student's t-test was used for statistical analysis in Figs. 2, 3 and 6. One-way analysis of variance was performed in Figs. 4 and 5. The Kaplan-Meier and log-rank test were adapted from SurvExpress website. P<0.05 was considered to indicate a statistically significant difference.
Results
Identification of a potential upstream effector, GABPB1, in ccRCC. First, a microarray (GSE66271) was selected from the GEO database that provided mRNA expression profiles of 26 matched malignant renal tissues and adjacent normal renal tissues from 13 patients with ccRCC and metastasis. All malignant renal tumors had a ccRCC histology. The top 250 differentially expressed genes (103 upregulated and 134 downregulated genes, and 13 genes without gene symbols) were extracted using the GEO2R online tool. These differentially expressed genes were then used to predict upstream effectors using the L1000 platform. The 103 upregulated genes were input into the upregulated signature query and the 134 downregulated genes were input into the downregulated signature query, and then perturbations of the top 100 overexpressed genes in the analysis were selected. In contrast to this, the 134 downregulated genes were also input into the upregulated signature query and the 103 upregulated genes were input into the downregulated signature query, and perturbations of the top 100 knockdown genes in the analysis were selected. This approach attempted to identify upstream genes associated with the progression of renal cancer that are believed to be oncogenic and also upregulated in renal cancer. Following analysis of the combined results, 4 genes were identified: ATP synthase H + transporting mitochondrial Fo complex subunits (factor B) (ATP5S), solute carrier family 35 member F2 (SLC35F2), GABPB1 and transmembrane protein 110 (TMEM110) ( Fig. 1 ). Of these genes, only the expression of GABPB1 was significantly upregulated in ccRCC tissues compared with that in adjacent normal tissues ( Fig. 2A ). There was no significant change in the expression of SLC35F2 (Fig. 2B) , and the expression of ATP5S (Fig. 2C ) and TMEM110 (Fig. 2D) was decreased in the ccRCC tissues compared with that in the normal tissues. The GSE66270 microarray provides mRNA expression profiles of 28 matched malignant renal tissues and adjacent normal renal tissues from 14 patients with ccRCC without metastasis. GABPB1 was also found to be significantly upregulated in these tumors ( Fig. 2E ).
GABPB1 mRNA expression is increased in ccRCC. The
Oncomine database was also used to analyze the mRNA expression of GABPB1 in different datasets comparing clinical renal tumors and normal renal tissues. A focus was placed on ccRCC, and the results from three datasets, including 'Beroukhim' renal non-hereditary ( Fig. 3A) and hereditary (Fig. 3B) , 'Jones' renal ( Fig. 3C ) and 'Gumz' renal ( Fig. 3D) , showed that the expression of GABPB1 was upregulated in ccRCC.
Knockdown of GABPB1 decreases colony formation ability in RCC cell lines.
A higher expression level of GABPB1 was also observed in the RCC 786-O and A498 cell lines compared with that in the normal kidney HK-2 cell line. GABPB1 mRNA and protein expression was upregulated in the 786-O and A498 cells compared with that in the HK-2 cells (Fig. 4A and B) . To study the role of GABPB1 in the progression of renal cancer, the RCC cell lines of 786-O and A498 were transfected with lentivirus-shRNA to knockdown GABPB1 ( Fig. 4C and D) . The results showed that knockdown of GABPB1 significantly decreased the colony formation ability in the 786-O and A498 cells (Fig. 4E ). increased p21 Waf/Cip1 expression following knockdown of GABPB1 ( Fig. 5A and B ). In addition, the expression of CDK2, CDK6 and cyclin A2 was also affected; however, this change was not consistent between the 768-O and A498 cells, or when using shGABPB1#1 and shGABPB1#2, which targeted different sequences on GABPB1. As knockdown of GABPB1 via the two shGABPB1 resulted in an increased expression of p21 Waf/Cip1 , how the expression of p21 Waf/Cip1 was regulated was then investigated. The results indicated that knockdown of GABPB1 increased the mRNA level of p21 Waf/Cip1 in the 786-O and A498 cells (Fig. 5C ).
Knockdown of GABPB1 inhibits cell growth via induction of p21
Increased expression of GABPB1 is associated with poor survival outcomes in patients with renal cancer. The SurvExpress database was used to study the effects of the expression of GABPB1 on survival outcomes. There were three datasets, namely KIRC-TCGA Kidney renal clear cell carcinoma (Fig. 6A) , KIPAN-TCGA Kidney PAN cancer TCGA June 2016 ( Fig. 6B ) and KIRP-TCGA Kidney renal papillary cell carcinoma June 2016 (Fig. 6C) . The results showed that patients with renal cancer with poor survival outcomes had higher expression of GABPB1 compared with those with lower expression of GABPB1.
Discussion
The present study investigated vital upstream effectors involved in the tumorigenesis of ccRCC and identified a potential effector gene, GABPB1, using bioinformatics analysis and validated the results in vitro. A high expression of GABPB1 was observed in the RCC cell lines, and knockdown of GABPB1 significantly decreased the colony formation ability via induction of p21 Waf/Cip1 expression. Furthermore, the patients at high risk of a poor survival outcome exhibited the highest expression level of GABPB1.
GABP has been reported to influence the development and lineage commitment in lymphoid and myeloid compartments (27) (28) (29) , and also to promote chronic myeloid leukemia in mice (28) . Manukjan et al (30) also reported that the expression of GABPA was positively correlated with the BCR-ABL1/ABL1 ratio in patients with chronic myeloid leukemia, and that it affected imatinib sensitivity in vitro. In addition, Yang et al (31) showed that genetic disruption of GABPA prevented entry into the S phase, and selectively reduced the expression of genes essential for DNA synthesis and the degradation of cyclin-dependent kinase inhibitors. Taken together, GABP appears to be necessary and sufficient to allow for re-entry into the cell cycle, and it appears to regulate a pathway distinct from that of D-type cyclins and cyclin-dependent kinases (31) . In a hepatocellular carcinoma model, knockdown of GABP induced apoptosis and cell cycle arrest in the G0/G1 phase (32) . In addition, reactivation of the expression of telomerase reverse transcriptase (TERT) was shown to enable cells to overcome replicative senescence and avoid apoptosis, which are fundamental steps in the initiation of human cancer (33, 34) . Numerous types of cancer, including glioblastomas, have been shown to harbor highly recurrent TERT promoter mutations of unknown function (35) . Bell et al (36) reported that the function of these mutations in glioblastomas was to recruit multimeric GABP transcription factors specifically to the mutant promoter, thereby directly linking TERT promoter mutations to the aberrant expression in a number of cancer types (36) . In the present study, a higher expression level of GABPB1 was observed in the RCC cell lines, and knockdown of GABPB1 significantly decreased the colony formation ability. These findings suggest that GABPB1 may serve an important role in the progression of renal cancer.
To understand the mechanism by which GABPB1knockdown decreased cell growth, the expression levels of regulatory molecules involved in cell cycle progression were analyzed. It was found that compared with the shLuc-control cells, 786-O and A498 cells exhibited significantly increased p21 Waf/Cip1 expression following knockdown of GABPB1. Furthermore, knockdown of GABPB1 increased the mRNA levels of p21 Waf/Cip1 in the 786-O and A498 cells. Progression of the cell cycle involves the activation of proteins, including cyclins and cyclin-dependent kinases, the catalytic subunits of cyclins. Cyclin-dependent kinase inhibitors can then bind to and inhibit the activity of cyclin/cyclin-dependent kinase complexes (37) . One such inhibitor, p21 Waf/Cip1 , has been shown to bind to these complexes and inhibit their activity in response to DNA damage and anti-mitogenic or differentiating signals (38) . Increasing evidence suggests that growth arrest along with the upregulation of p21 can inhibit proliferation and promote differentiation (37, 38) . p21 has also been reported to inhibit DNA replication through inhibition of proliferating cell nuclear antigens, which is necessary for the progression of the cell cycle (37, 39) . Using bioinformatics analysis, the present study identified a potential tumor-associated gene, GABPB1, in renal cancer, and also found that the knockdown of GABPB1 decreased cell growth via the induction of p21 Waf/Cip1 expression.
The regulation between GABPB1 and p21 Waf/Cip1 was not clear in the present study. BRCA1 DNA repair-associated (BRCA1) is an important cell cycle regulator, and it may be a potential regulator in a GABPB1 and p21 Waf/Cip1 axis. In addition, BRCA1 is a tumor suppressor that has been shown to maintain genomic stability and prevent cell transformation. Ritter et al (40) reported that glucocorticoid receptors interact with GABPB at the BRCA1 promoter, thereby inducing the expression of BRCA1, which then upregulates the expression of p21 Waf/Cip1 in breast cancer. Another previous study reported that wild-type BRCA1 increased the expression of p21 Waf/Cip1 (41) . However, the present results revealed that silencing GABPB1 resulted in induction of p21 Waf/Cip1 expression. This implies that BRCA1-mediated cell cycle regulation does not involve GABPB1 or p21 Waf/Cip1 in renal cancer cells. The limitation of this study is that there was no direct evidence to support whether BRCA1 is involved in regulating GABPB1 and p21 Waf/Cip1 . Therefore, our future studies will investigate the detailed mechanism in renal cancer cell models and animal tumor models.
RCC is a malignancy arising from the renal tubule epithelium (42) and it is the most common type of kidney cancer in adults, accounting for 90-95% of cases. Initially, treatment involves partial or complete removal of the affected kidneys (43) . Metastatic RCC most commonly involves spread to the bones, lungs, lymph nodes, brain, liver and adrenal glands. The median survival time of patients with metastatic RCC is ~8 months (44) , and 50% of these patients will succumb within the first year, with only 10% surviving for >5 years (45) . Invasion and spread to other organs are the greatest challenges to therapy (46) . Degradation of the extracellular matrix and basement membrane, which are tissue barriers for tumor cells, serve a key role in tumor proliferation and metastasis (47) . Heparanase is an enzyme that degrades heparan sulfate proteoglycans and is predominantly expressed in high-grade RCC, and it has been shown to be positively associated with the pathological tumor stage and a poor prognosis (48) . GABP is one of the transcription factors involved in regulating the expression of the heparanase-1 gene (49), and Rao et al (50) showed that B-Raf proto-oncogene serine/threonine kinase (BRAF)-knockdown suppressed GABPB expression and thereby regulated heparanase-1 promoter activity. Increased expression of heparanase-1 may therefore contribute to the aggressive behavior of BRAF-mutated cancer (50) . The present study also showed that the high-risk population associated with poor survival exhibited higher expression levels of GABPB1, suggesting that GABPB1 serves a key prognostic role in renal cancer.
In conclusion, the significance of present study is that it revealed the crucial role of GABPB1, which has not been identified in previous studies, via combination of the L1000 platform and GEO database in renal cancer. Furthermore, a key regulator, p21 Waf/Cip1 , was determined for GABPB1-mediated oncogenic signaling. The detailed regulatory mechanism between GABPB1 and p21 Waf/Cip1 requires further investigation in the future; however, the present study findings suggest that GABPB1 may be a potential tumor-associated gene in the progression of RCC.
